One of the major structural differences between the LH6 and CG(3 subunits is the carboxy-terminal region: beyond amino acid 114, LHP has a hydrophobic heptapeptide stretch, while CGP contains a 31 -amino acid hydrophilic carboxy-terminal peptide (CTP) that is 0-glycosylated.
The CGP subunit is secreted quantitatively as a monomer and assembles efficiently whereas secretion and assembly of LH6 is inefficient.
We previously implicated the carboxy-terminal heptapeptide as a determinant for the different intracellular behavior manifested by the LHP subunit compared with the CGP subunit. Here we tested the function of the heptapeptide and CTP domains by fusing them to their counterparts at amino acid 114 of CGP or LH6 subunits. The secretion and assembly of these chimeras were examined in transfected Chinese hamster ovary cells. Removal of the heptapeptide enhanced the amount of LH6 subunit secreted 4-fold compared with intact LHP. Fusion of this heptapeptide to CG6114, i.e. CG/3 lacking the CTP, decreased the amount of secreted subunit e-fold compared with wild type human CGjS. Similar experiments reveal that although deleting the CTP from the CGP subunit did not significantly alter secretion, the combination efficiency of the truncated subunit was reduced to 60%. Perturbing the native carboxy-terminal sequence of either subunit increased the heterogeneity of the secreted forms. This result suggests that these regions are also involved in the posttranslational processing of the asparagine-linked oligosaccharides of the P-subunits. Fusion of the LH6 heptapeptide to the truncated CGP subunit decreased combination with the a-subunit.
These data further support the hypothesis that the carboxy-terminal regions of LHP and CGP subunits play a role in the intracellular behavior of the corresponding heterodimers.
(Molecular Endocrinology 10: 1676-1687, 1996)
INTRODUCTION
Human LH of the anterior pituitary and CG of the placenta are members of the glycoprotein family, which also includes FSH and TSH (1) . These hormones are noncovalently associated heterodimers consisting of a common a-subunit and a hormone-specific p-subunit (1) . Evolved from an ancestral LHP gene, the P-subunits of CG and LH share a high degree of sequence identity (>85%) in the first 114 amino acids, which is responsible for their binding to a common gonadal receptor (2, 3). One major difference between LHP and CGP is the sequence at the carboxy terminus. It was suggested that the CG/3 subunit arose from the LHP subunit gene due to a frame-shift mutation which led to a readthrough at amino acid 114 in the LH/3 gene (3). This resulted in the incorporation of a portion of the LH/3 untranslated region into the CG/3-coding sequence; beyond amino acid 114, it contains a 31 -amino acid hydrophilic stretch bearing four serine O-linked carbohydrate units (carboxy-terminal peptide or CTP); the LHP subunit has a hydrophobic heptapeptide that terminates at residue 121 (2,3) (see also Fig. 1 ).
the secretion of the free FSHp and TSH6 subunits was inefficient (6, 7) and when the DNA encoding the CTP domain of the CGP subunit was fused to the FSHPcoding sequence, secretion of the chimera was significantly increased (8). Taken together, these data implied that determinants in the carboxy-terminal region alter gonadotropin secretion and heterodimer formation (5).
To more directly assess whether the structural divergence at the carboxy-terminal region of the LHPI CGP subunits underlies alterations in their intracellular behavior, chimeric genes were constructed in which the LHP heptapeptide and the CTP domain of the CGP subunit were fused to their counterparts at residue 114 and transfected alone or with the a-gene into Chinese hamster ovary cells. Here we show that these variable carboxy-terminal segments play a role not only in secretion and subunit assembly, but also in their posttranslational processing, which in turn could be a factor in forming gonadotropin-specific oligosaccharides.
RESULTS

Synthesis and Secretion of Mutant and Chimeric LHp/CGp Subunits
Here we test the hypothesis that the carboxy-terminal sequences of the LH/YCGP subunits ( Fig. 1 and Table  1 ) influence their intracellular behavior. As shown previously (4, 5), the differences in the secretion kinetics of LH6 and CG/3 subunits are striking (Fig. 2) . Transfected Chinese hamster ovary (CHO) cells were pulse labeled with [35S]cysteine for 20 min and chased with unlabeled cysteine. Lysate and media samples were immunoprecipitated with CGP subunit-specific antiserum that cross-reacts with the LHP subunit. Less than 10% of labeled LH6 subunit is secreted (t,,2 = 7 h) (panel A): the remainder is degraded intracellularly 0 ,,2 = 8.5 h). By contrast, the CGP subunit is secreted quantitatively with a t,,* of 2 h (panel B). The CG/3 subunit displays two intracellular and extracellular forms (panel B; arrows), presumably containing either one (Nl) or two (N2) N-linked oligosaccharide units (9). The electrophoretic migration of the extracellular forms of CG6 is slower than the corresponding intracellular forms. This is due to terminal processing of the N-linked carbohydrates and to the addition of four O-linked oligosaccharide units before secretion (10). The last seven amino acids of the LH6 subunit affect secretion because deleting this segment enhances the total amount of secreted subunit (LH/3114) 4-fold without significantly altering the secretion t,,, (Fig. 2C and  Table 2 ). However, deleting CTP from the CGP subunit (CGfil14) has a negligible effect on both the rate of secretion and the amount of secreted subunit ( Fig. 2D ; Table 2 ; Ref. 5) but increased the heterogeneity of the secreted subunit (bracket in Fig. 20 and see secretion of the CG8 subunit compared with the LHP is not due to sequences in the CTP. If the LHP heptapeptide contains determinant(s) that leads to intracellular retention, fusion of this sequence to the CGP subunit should decrease its secretion. To test this prediction, a chimera was constructed fusing the sequence encoding the heptapeptide to the coding sequence of CG8114 (Cl 14L115). We used amino acid 114 as the site of fusion since the carboxy ends of both subunits diverge at this point (3). Densitometric analyses revealed that the amount of Cl 14L115 secreted was 60% of that seen with CG6 or CG6114 ( Table 2 ). This is due to increased intracellular accumulation of Cl 14L115; even at 24 h of chase the chimera was detectable in the lysate. To assess whether this effect is specific to the LHP heptapeptide or merely to the presence of an extra seven amino acids, a CGP variant was constructed terminating at amino acid 121 (CG6121) within the CTP and thus containing seven additional residues beyond amino acid 114 (Phe-Gln-Asp-Ser-Ser-Ser-Ser compared with Leu-Ser-Gly-Leu-Leu-Phe-Leu in LH8). This mutant was secreted efficiently and quantitatively (Fig.  3B) , comparable to CG/3 and CG6114 ( Mutant and chimeric LH6 and CGP subunits were constructed using overlapping PCR mutagenesis (31). Templates and primers used in PCR construction for a given subunit are shown. The asterisk indicates a silent change in the primer sequences compared to the LHPICGP genes (3) due to an initial alternative approach in constructing the Lll4CTP chimera.
results show that the LH/3 heptapeptide decreases the total amount of CGPll4 secreted. As discussed above, similar to LHP, very little monomeric FSHP subunit is released from transfected cells, but fusing the CTP to the carboxy terminus of FSHp increased its secretion significantly (8). This suggests that either the CTP contains determinant(s) for secretion, which is not manifested in CG6 because other regions are responsible for the efficient secretion of the subunit (Ref. 5, see also above), or the CTP blocks the inhibitory effects of the carboxy-terminal region of FSHp on secretion. To explore this point, the DNA encoding the CTP sequence was ligated to LH8 (Ll2lCTP) or to LH6114, i.e. lacking the heptapeptide (Lll4CTP) (Fig. 4) . Cells expressing these chimeras were pulse labeled and chased as described above. As expected, the electrophoretic mobility of the secreted forms of Ll2lCTP ( Fig. 4A ) and Lll4CTP (panel B) is slower than the corresponding intracellular forms due to the addition of the O-linked oligosaccharides to the CTP. It is evident that the amount of secreted Ll14CTP and L121 CTP was 5-fold greater than that of LH8 (Table 2 ; see also Fig. 2A ). Because the secretion efficiency of Lll4CTP is comparable to LH6114, the data show that the CTP enhances secretion of the LH8 subunit containing the heptapeptide but not the form lacking this sequence. Because the CTP has minimal effect on the secretion of the LH6 mutant devoid of the heptapeptide, these results further support the hypothesis that the efficient secretion of CG8 is not due to sequences in the CTP domain.
However, that the CTP enhances the secretion of the intact LH8 subunit (and FSHP subunit, Ref. 8) is further evidence for the role of the carboxy-terminal region in the secretion of pituitary subunits.
Carboxy-Terminal-Induced Heterogeneity
The above data also revealed that changing the native carboxy-terminal sequence alters the electrophoretic heterogeneity of the chimeras compared with the unmodified subunits ( Fig. 5A ). The secreted forms of CG6114 (lane 4), Cl 14Lll5
(lane 6), and CG6121 (lane 8) were more heterogeneous than the CG8 wild type subunit (lane 2). Moreover, it is evident that the mobilities of the lysate species are also affected (compare lanes 1, 3, 5, and 7). These data imply that changing the carboxy termini of the LHPI CG/3 subunit alters posttranslational processing of the subunits, presumably the Asn-linked oligosaccharides. To explore this point further, the subunits were treated with endoglycosidase F (Endo F), which cleaves complex oligosaccharides from acceptor asparagine residues (11). If the heterogeneity persists after enzyme treatment, this implies that the N-linked carbohydrate changes are not involved. The digestion of the subunits to one major specie ( Fig. 58 ; lanes 2 and 4) suggests that differences in the mobilities of the intracellular and secreted forms induced by the carboxy-terminal modifications are due to alterations in the N-linked oligosaccharides.
Assembly of Mutant and Chimeric LHjVCG/3 Subunits with the a-Subunit
Since the carboxy-terminal domains of the LHpICGp subunits influence the extent of subunit assembly (5), we pursued in more detail the functional roles of the heptapeptide and CTP domains in generating assembly-competent subunits. To ensure that the extent of subunit assembly is not limited by the amount of a-subunit, clones expressing it in excess (see Materia/s and Methods) were isolated. The presence of heterodimers was assessed by precipitation with subunitspecific antisera. Precipitation of the a-subunit with the p-antiserum or the P-subunit with the a-antiserum proves heterodimer formation. The a-subunit is either associated with the P-subunit or is uncombined (free); free a-subunit migrates differently than the dimer form due to alterations in N-linked carbohydrates (Ref. formed is secreted rapidly (t,,* = 1 h) and quantitatively, as assessed by the dimer a-subunit, the assembled LHP represents only 10% of total labeled LHP during 4 h of chase and reaches a maximum of 20% thereafter. The remaining uncombined P-subunit is degraded intracellularly (t,,* = 8 h). This suggests that newly synthesized LH8 needs about 4 h to assume an assembly competent form, consistent with the time required to detect labeled P-subunit in the secreted dimer (lane 9).
Evidence was presented previously (5) that deleting the LHP heptapeptide did not significantly alter secretion rate of the dimer containing the truncated subunit (LH6114) compared with that of LH dimer. This was based on the disappearance of the P-subunits in lysate detected by the p-antiserum (see also Materials and Methods). synthesis of the truncated subunit since comparable data were observed with another LHI 14 dimer clone r) from a different transfection experiment (Fig. 6 , E and F). This clone also expresses excess a-subunit, but the amount of p-subunit is synthesized 2-fold less than the LH114 dimer described in panels C and D, and the lag time for detecting the labeled LH6114 subunit in the heterodimer was similarly reduced (lanes 7 and 8). These results further support the hypothesis that the heptapeptide is a determinant in forming the assembly-competent LH6 subunits. CG dimer was secreted with a t,,* = 1 h, but in contrast to LH, no significant delay was observed for the appearance of newly synthesized labeled P-subunit in dimer, and there was no detectable intracellular labeled subunit beyond 2 h of chase (Fig. 7, A and B ; Table 2 ). Thus, as shown previously (4, 5), in contrast to the LH8 subunit, the CGP subunit combines quantitatively with the a-subunit.
We examined whether deleting the CTP of the CG6 subunit at amino acid 114 (CG8114) affected heterodimer formation. Electropherograms of the CGl14 dimer show that the a-subunit comigrates with the N2 variant of the mutant CGP, which hinders analysis of the individual subunits (Fig. 7, C and D) . As discussed above, N2 and Nl refer to forms containing two or one N-linked oligosaccharides, respectively. Since cells expressing the a-subunit in excess were isolated, the appearance of the Nl species of CGpl14 with a-antiserum indicates heterodimer formation. Although the CG6114-containing dimer is secreted at a rate similar to CG (Table 2) , differences in the amount of the P-subunit in medium precipitated with the (Y-and the p-antisera show that 60% of the labeled CG6114
combined with the (Y-subunit. This coincides with retention of the labeled CG8114 subunit beyond 2 h chase in the lysate (Fig. 7D , lanes l-6) compared with CG/? (Fig. 78 , lanes l-6) detected with the p-antiserum. These data differ from our previous study, which suggested that deleting the CTP domain was without effect on assembly (5). In that study, however, the analog was precipitated with p-antiserum and thus changes could not be readily detected due to precipitation of both the free (uncombined) and dimerized P-subunits. These results show that the carboxy-terminal regions of LH6 and CG6 contain determinants that affect heterodimer formation; the LH6 heptapeptide decreases, and the CTP of CG8 increases, the efficiency of assembly.
If the LH8 heptapeptide alters assembly with the a-subunit, fusion of this sequence to amino acid 114 of the CG6 should decrease heterodimer formation. The presence of the heptapeptide decreased assembly of the chimeric Cl 14L115 subunit (Fig. 7 , E and F) when compared with CGpl14 (panels C and D). Although the mature N2 form of the Cl 14L115 subunit is difficult to distinguish from (Y, it is apparent that the unlabeled chimera associates with the a-subunit during the early chase (lanes 7-9). This is based on the low levels of the secreted LH6 subunit, which is not detected in the precipitated dimer during the early chase (see Fig. 6 , A and B, lanes 7 and 8). At 24 h, 20% of labeled Cl 14L115 subunit is associated with the a-subunit (Fig. 7 , E and F, lanes 11) coincident with the intracellular retention of the labeled chimera (lanes l-6). The effect of the heptapeptide in delaying the formation of assembly-competent form of the Cl 14L115 subunit is specific, because the heterodimer formation of CG6121 (64%) was comparable to that observed with CGP114.
DISCUSSION
Retention of organellar proteins appears to be mediated by cis-acting sequences usually contained in the carboxy-terminal regions and identified for the resident proteins of the ER, Golgi, and lysosomes (12-I 4). Our data also show that retention of the LH6 subunit is due in part to determinants located in the carboxyterminal region. The CG6 subunit lacking such a motif, on the other hand, is secreted efficiently and quantitatively. It is likely that the uncombined LH6 subunit accumulates and is degraded in the ER since the intracellular material is Endo H sensitive (4, 15). These results are also consistent with the recent observation that LH6 retained in rat gonadotropes is degraded in the ER (16). The hydrophobic heptapeptide, together with other N-terminal regions, presumably leads to misfolding and/or aggregation of the subunit, which results in intracellular accumulation and degradation (5). Although the rate of secretion of the LH@CGP subunits is not significantly changed by the carboxyterminal modifications, the total amount of subunit secreted as monomer is affected ( Table 2 ). Since the rate-limiting step in protein secretion is the transport from ER to the Golgi (17), conformational changes caused by the carboxyl-end modifications could alter the association of the subunits with the ER resident proteins, which are involved in folding, transport, and degradation of secretory proteins (18). As indicated previously (4), once subunit assembly occurs, the dimers, hCG or LH, are secreted with similar kinetics, but the time at which newly synthesized P-subunit is detected in the heterodimers differs considerably.
The appearance of labeled LH/3 in dimer (Fig. 6 ) is delayed compared with the dimer incorporation of the CG6 subunit (Fig. 7) . This implies that the newly synthesized LH6 subunit requires more time to attain an assembly-competent configuration, which is reflected in the extent of subunit combination.
Alternatively, the actual assembly step may be limiting in the overall efficiency of heterodimer formation. Although the carboxy termini of LHPICGP contribute to these differences, additional sequences in the P-subunits must be associated with the varied efficiency of secretion and/or heterodimer formation (5), because deleting the heptapeptide from LHP does not lead to a total rescue of the uncombined subunit for secretion and assembly.
It is well documented that the asparagine-linked oligosaccharides in the glycoprotein hormones are heterogeneous, manifested by variation in branching, sialylation, and/or sulfation (19-22). The extent of oligosaccharide modification is determined both by the cell type (19, 22) and the conformation of the protein (4, 23-25). Perturbing the native carboxy termini of LHP and CGP subunits increases heterogeneity of the secreted species, which apparently reflects changes in the processing of the N-linked oligosaccharides. Thus, these regions may be critical for the synthesis of hormone-specific carbohydrates: LHP and TSHP contain GalNAc-linked sulfate and have stretches of hydrophobic amino acids at the carboxyl end, whereas FSHp lacking such an extension contains sialic acid and Gal (1, 2, 20-22) .
The intracellular behavior of the subunit of LH/3 may be associated with differences in the sorting of LH and FSH. We showed previously that while secretion of LH is through a regulated pathway, FSH is mainly secreted constitutively, and the P-subunit is critical for determining the secretory behavior of the dimers (25 28). Among the pituitary glycoprotein hormones, only LHP exhibits a significant temporal lag in assembly with the a-subunit (4-7). Accumulation of a pool of free LHP subunit in the ER could represent a reservoir to replenish stores of the LH dimer for subsequent release by secretagogues even if biosynthesis is attenuated. Because FSHp assembles with a! rapidly (7,27), inhibiting its synthesis would lead to a coincident block in secretion of the FSH dimer. The episodic release of LH ensures the final stages of follicular development for ovulation in reproductive cycle. This contrasts with the tonic release of FSH, the circulating levels of which are sufficient for follicular development and maturation any time during the cycle (29, 30). In the case of CG, the changes in the amino acid sequences between the LH@CGP subunits may have evolved in part to overcome the slow release and intracellular storage of LH resulting in a rapid secretion of CG from the placenta. This constitutive release is consistent with a demand for a large bolus of CG early in gestation. acids of CG/3 and the last seven amino acids of LHP. The mutant CG8121 is truncated at amino acid 121 by placing a stop codon at residue 122 of CG6. These genes were subcloned into vectors containing either exon I of LH8 or CG6 to reconstruct the entire LH6 or CG6 genes, respectively. All subcloned genes were contained in a BarnHI-BarnHI or a Bglll-BarnHI fragment that was inserted into expression vector pM2 (9).
MATERIALS AND METHODS
Cell Culture/Transfection pM2 vectors bearing the wild type, mutant, and chimeric LH8 or CG6 genes were transfected alone or together with the plasmid pM*a (9, IO), and stable clones were isolated (4, 5). Transfected cells were maintained in F-12 growth medium containing
Ham's F-12 medium, 100 U/ml penicillin, 100 kg/ml streptomycin, and 2 mM glutamine and supplemented with 5% (vol/vol) FCS and 0.25 mg/ml active G148 at 37 C in a humidified 5% CO, atmosphere.
Cell Labeling and dimer P-subunit (4, 5). Due to both the inefficient secretion and assembly of the labeled
